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Abstract

The following paper provides an overview of GE’s H System™ technology, and
specifically, the design, development, and test activities associated with the DOE
Advanced Turbine Systems (ATS) program. There was intensive effort expended in
bringing this revolutionary advanced technology program to commercial reality. In
addition to describing the magnitude of performance improvement possible through use
of H System™ technology, this paper discusses the technological milestones during the
development of the first 9H (50Hz) and 7H (60 Hz) gas turbines.

To illustrate the methodical product development strategy used by GE, this paper
discusses several technologies that were essential to the introduction of the H System™,
Also included are analyses of the series of comprehensive tests of materials, components
and subsystems that necessarily preceded full scale field testing of the H System™. This
paper validates one of the basic premises with which GE started the H System™
development program: exhaustive and elaborate testing programs minimized risk at every
step of this process, and increase the probability of success when the H System™ is
introduced into commercial service.

In 1995, GE, the world leader in gas turbine technology for over half a century, in
conjunction with the DOE National Energy Technology Laboratory’s ATS program,
introduced its new generation of gas turbines. This H System™ technology is the first
gas turbine ever to achieve the milestone of 60% fuel efficiency. ‘Because fuel represents
the largest individual expense of running a power plant, an efficiency increase of even a
single percentage point can substantially reduce operating costs over the life of a typical
gas-fired, combined-cycle plant in the 400 to 500 megawatt range.

The H System™ is not simply a state-of-the-art gas turbine. It is an advanced, integrated,
combined-cycle system in which every component is optimized for the highest level of
performance.

The unique feature of an H-technology combined-cycle system is the integrated heat
transfer system, which combines both the steam plant reheat process and gas turbine
bucket and nozzle cooling. This feature allows the power generator to operate at a higher
firing temperature than current technology units, thereby resulting in dramatic
improvements in fuel-efficiency. The end result is the generation of electricity at the
lowest, most competitive price possible. Also, despite the higher firing temperature of
the H System™, the combustion temperature is kept at levels that minimize emission
production.

GE has more than 3.6 million fired hours of experience in operating advanced technology
gas turbines, more than three times the fired hours of competitors’ units combined. The
H System™ design incorporates lessons learned from this experience with knowledge
gleaned from operating GE aircraft engines. In addition, the 9H gas turbine is the first
ever designed using “Design for Six Sigma” methodology, which maximizes reliability
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and availability throughout the entire design process. Both the 7H and 9H gas turbines
will achieve the reliability levels of our F-class technology machines.

GE has tested its H System™ gas turbine more thoroughly than any previously introduced
into commercial service. The H System™ gas turbine has undergone extensive design
validation and component testing. Full-speed, no-load testing of the 9H was achieved in
May 1998 and pre-shipment testing was completed in November 1999. The 9H will also
undergo approximately a half-year of extensive demonstration and characterization
testing at the launch site. Testing of the 7H began in December 1999, and full speed, no-
load testing was completed in February 2000. The 7H gas turbine will also be subjected
to extensive demonstration and characterization testing at the launch site.
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ATS Final Report-Program Review

Executive Summary
Background

In response to the Department of Energy’s Energy Information Administration
(DOE/EIA) early 1990’s projection that there will be a significant increase in demand for
electricity in the US during the next two decades, the DOE initiated the Advanced
Turbine Systems (ATS) program to produce advanced power generation gas turbines.
These gas turbines would be more fuel efficient, environmentally friendly, and less
expensive to operate than the utility gas turbine units available in the early 1990’s.

DOE’s National Energy Technology Laboratory (NETL) in the Office of Fossil Energy,
and the Office of Industrial Programs in the Office of Energy Efficiency and Renewable
Energy share responsibility with their industrial partners for development of these
revolutionary systems. Expectations for the resulting power generation system are to
meet or exceed 60 percent system efficiency in the utility market using natural gas fuel.
Although first designed to operate with natural gas, the technology is intended to evolve
to full fuel-flexibility, allowing a coal-derived or renewable biomass-based gas to be
used. In addition, the system resulting from ATS technology will emit far less nitrogen
oxides, carbon dioxide, and unburned hydrocarbons than current gas turbine systems.
The ATS program emphasizes reducing the cost of generating electricity with gas
turbines, while increasing their efficiency, and lowering emissions. ATS turbines are
projected to enter the pre-commercial demonstration stage in 2003, and
commercialization is expected in 2004.

By setting stretch goals in a variety of technical areas, the DOE has challenged the gas
turbine manufacturers to develop innovative solutions to meet these goals.

Note: The GE Power Systems (GEPS) ATS program is a part of a larger H System™
program, which includes the MS9001H (9H, 50 Hz) gas turbine to be exported from the
GEPS Greenville, SC manufacturing facility. There was common component technology
development for both engines, and as the 9H preceded the MS7001H (7H, 60 Hz) ATS
gas turbine in construction and testing, valuable lessons were learned from the initial 9H
test program that benefited the 7H design and subsequent testing.

Program Objective Achieved

The overall objective of the Advanced Turbine System (ATS) program Phase 3R
(restructured Phase 3 — Technology Readiness Testing) was to develop and demonstrate a
highly efficient, environmentally superior, and cost-competitive utility ATS for base-
load, utility-scale power generation. In Phase 3R, GE Power Systems did achieve the
overall objective by designing and testing components critical to the ATS design, and
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incorporating their components into the final H System™ design. The full scale 7H (60
Hz) gas turbine was designed, fabricated, and successfully tested at Full Speed, No Load
(FSNL) conditions at GE’s Greenville, SC manufacturing/testing facility. Figure 1 shows
the 7H being transported to the test stand.
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Figure 1. 7 H Gas Turbine being transported to the test stand.

Program Goals

DOE support was instrumental in the success of the GE ATS program, providing
sufficient and timely financial support to facilitate the extensive development program
tasks in a timely manner. Without this extensive support, the H System development
would have taken considerably longer to complete, due to internal corporate funding
constraints. The DOE support for the ATS also allowed GE to remain competitive
(versus foreign utility gas turbine suppliers) in the emerging global high technology
utility power generation market. The ATS system developed had the following DOE
required program goals:

¢ System efficiency that would meet or exceed 60 percent, lower heating value basis.

e Environmental superiority and acceptance in severe non-attainment areas under full
load operating conditions without the use of post-combustion emissions controls.
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Environmental superiority and acceptance in non-attainment areas includes limiting
NOx to less than 10 parts per million by volume (dry basis) at 15 percent oxygen,
with acceptable carbon monoxide and unburned hydrocarbon emissions.

Busbar energy costs that are 10 percent less than current (1992) state-of- the art
turbine systems meeting the same environmental requirements.

Fuel-flexible designs operating on natural gas, but also capable of being adapted to
operate on coal (syngas) or biomass (syngas) fuel.

Reliability-Availability-Maintainability (RAM) that is equivalent to modern advanced
power generation systems.

Commercial systems that could enter the market in the year 2000.

Program Goals Achieved

System efficiency.

The GEPS ATS combined cycle (gas turbine and steam turbine in series) system has
been designed to achieve 60 percent efficiency when run at the base load design
conditions, a significant advance over 1990’s levels. This will be achieved by
increasing the firing temperature (the combustion gas temperature entering the turbine
section) without increasing the combustion temperature through the use of a unique
closed-loop cooling scheme that utilizes the superior heat transfer characteristics of
steam (compared to air). The first two stages of the turbine are steam-cooled, with
the steam being recycled for use in the steam turbine to produce additional power.

Combined cycle system optimizing studies were used in the design of the ATS power
plant. These studies showed that the GE ATS design is on track to achieve the 60
percent efficiency goal. Initial testing of the 7H gas turbine at the Greenville, SC
manufacturing site has verified the analytical models. The first full scale H System™
will be run at Baglan Bay, UK in 2002.

Environmental Superiority.

GEPS has designed and tested a lean premixed natural gas combustion system that
meets the ATS NOx goal of 9 ppmvd, with carbon monoxide and unburned
hydrocarbons below 20 ppm, without post-combustion clean-up. The combustion
system has been demonstrated at full-scale (flow, pressure, temperature) engine
operating conditions in a test stand at GE Aircraft Engines in Evendale, OH.

Busbar energy cost 10% below 1992 cost.

There are many components that make up the cost of electricity, including capital
equipment, fuel, cost of capital/interest rates, and supply and demand. As these
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component costs are site specific, there is no one value for energy cost. The high
efficiency ATS machine will allow the conversion of fuel energy into electricity
greater than 10 percent more efficiently than 1992 levels.

Fuel Flexible design.

The GEPS ATS gas turbine has been designed to use natural gas fuel, but the design
can evolve to allow use in an integrated gasification combined cycle (IGCC) power
system that uses coal-derived syngas, or biomass derived syngas fuel. ATS IGCC
performance has been calculated for the 7H power train with coal-based syngas.

Reliability, Availability, Maintainability (RAM)

GE has completed a RAM analysis that verifies that the ATS gas turbine is equivalent
to GE’s current “F” technology gas turbines. As much of the H System™ technology
is based on proven, established design practices, and new technologies are validated
by extensive component design and testing, GE expects that the H System™ RAM
will be equivalent to current advanced technology gas turbines.

Commercial Availability by 2000

The first H System™ technology gas turbine for development/commercial use will be
the 50 Hz 9H, which is sited at Baglan Bay, UK. This machine will undergo on-site
testing, including testing the steam-cooling system under full load conditions for the
first time, starting in 2002. The first 60 Hz ATS engine will be located at Sithe
Energies, Scriba, NY facility, and will undergo full load development testing in 2003
before entering commercial service.

Benefits to the Public

The ATS gas turbine will provide significant public benefits through improvements in a
variety of measurable parameters. These include:

Lower energy consumption and fuel cost savings - The ATS will lower energy
consumption due to its higher efficiency design, and will lead to fuel cost savings by
displacing less efficient producers, either as a choice for new capacity installation, or
as a retrofit to repower older fossil units.

Electricity cost savings — The installation of ATS machines will lead to a lower cost
of electricity to the grid. The new machines will lower the marginal cost of electricity
production over a wide range of capacity factors, and consequently increase the
overall competitiveness of U. S. industry and reduce costs to consumers.

Emissions reduction — By introduction of the ATS machines into the power system
grid, there will be a significant reduction in CO2, NOx, and SO2 emissions. Due to
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the low emissions design goal and displacement of older power systems that use oil or
coal, there will be a quantifiable reduction in emissions.

¢ Job creation — The projected demand for turbines in the large utility size range will
increase production jobs to fulfill this demand, as well as provide additional
employment at parts vendors, and in the power plant construction and supply
industries.

¢ Gas turbine export — There is a large potential worldwide demand for the ATS size
machines. This demand is projected to be larger than U. S. market requirements in
the next two decades. Historically, U. S. manufacturers have provided over half of
the worldwide power system gas turbines. Retaining this market share with a
competitive. product will provide additional employment stability, and improve the
U.S. balance of payments-account.

e Conservation of land, water resources — As the ATS machines replace older fossil
units, there will be a reduction in demand for land and water resources. As the new
machines are relatively compact, less land will be required for installation, and there
will be less demand for water resources, such as cooling tower makeup water and
wastewater discharge.

H System™ Spin-offs/Flowdown to Other Products

The ATS machine (H System™) efficiency goal was a major challenge, requiring
advancements in virtually all of the components comprising a utility power generation
gas turbine. Systematic design and development programs, utilizing the “Design for Six
Sigma” methodology, were utilized for all of the engine components.

The following list highlights the major advancements whose technology has become
incorporated in GE’s corporate database and overall design system. All future GEPS
product developments will benefit from this upgrade, and there is an ongoing program to
evaluate new technology for incorporation into existing products in a cost-effective
manner.

“Design for Six Sigma’’ Design Process

The H System™ was the first GEPS Product to utilize the NPI (New Product
Introduction/DFSS [Design for Six Sigma]) design process. The formalization of the
design process allows GEPS to benchmark itself against other GE high technology
businesses, and to take advantage of improved analytical and experimental techniques
that arise in other GE businesses. GE’s company-wide quality control program, Six
Sigma, has brought about numerous improvements in design philosophy. By using Six
Sigma, GE has developed a statistical, data driven-process that focuses on maximizing
reliability and availability throughout the entire design process.
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During the NPI design phases, optimal performance and specifications are determined for
the entire power plant, and then driven down to an individual basis for the gas turbine,
compressor, aerodynamic components, and materials selection. For example, when the
conceptual design phase is complete, thermodynamic boundary conditions have also been
established, and the system design architecture has been identified. = Material
characterization testing is then completed to obtain early data relative to design
requirements. ‘

Within the preliminary design phase, the piece part design definitions are determined.
For example, the compressor airfoil shape is defined through balancing aerodynamic and
mechanical constraints. Periodic design reviews are conducted for each component to
support GE’s design practices. These have been derived over years of experience, and in
conjunction with GE Aircraft Engines and Corporate Research and Development, guide
the designer through process requirements, and benefits of lessons learned.

The immediate beneficiary of the ATS design is the MS7001 FB gas turbine design. This
design is using the DFSS design process, and will be the first to incorporate a large
number of technical advances initiated in the H System™ program. These spin-off or
flow-down technologies are shown by component in Figure 2, and are briefly described
below.

DOE Sponsored H/ATS Technology Flowdown

Compressor
. Multistage Variable Stators
*  Improved Aero with 3D Compressible Fluid Dynamics Combustion

*  Bore Cooling of Aft Stages with Cooled Cooling Air *  DryLowNOx2s5
. TBC caated Liner and Transition Picoe

Turbine

Single Crystal (SX) Stage 1 Nozzle/Buckets
TBC Coated Stage 1 & 2 Nozzles/Buckets
NDE Inspection of SX Buckets/Nozzles
GTD-444 4th Stage Bucket

DS & SX Repair Technology

Clearance Control with Cooled Cooling Air

Control Systems
. Mark VI integrated control system

. Pyrometers Measuring Turbine Bucket Temperature

Figure 2. DOE Sponsored H/ATS Technology Flowdown to Other Gas Turbines
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Compressor

The H System™ compressor provides a 23:1 pressure ratio with 1510 Ibs/sec (685 kg/sec)
and 1230 lbs/sec (585 kg/sec) airflow for the 9H and 7H gas turbines, respectively.
These units are derived from the high-pressure compressor GE Aircraft Engines (GEAE)
uses in the CF6-80C2 aircraft engine, and the LM6000 aeroderivative gas turbine. For
use in the H System™ gas turbines, the CF6-80C2 compressor has been scaled up (2.6:1
for the 7H, and 3.1:1 for the 9H), with four stages added to achieve the desired
combination of airflow and pressure ratio. The CF6 compressor design has accumulated
over 20 million hours of running experience, providing a solid design foundation for the
H System™ gas turbine.

The ATS gas turbine required many developments in compressor technology beyond then
current GE Power Systems design procedures. These new technologies include: new
aerodynamic design for the front and aft sections of the compressor, including a “0” stage
for high flow; low radius ratio front stages blade designs; low aspect ratio exit vane
design; multiple stage forward spool shaft design; high rabbet rotor design; 7H single
through bolt rotor construction; multiple passage rotor air cooling system; multiple stage
variable guide vane (VGV) system; new blade axial retention design; trenched casing
flowpath design; tri-passage diffuser design (GE patent); and 9H compressor discharge
case (CDC) double wall clearance control casing.

All of the ATS compressor developments are now part of GE’s corporate design
database, and any or all may be utilized in future designs. Of specific interest are the
following.

The H System™ compressors have several rows of variable stator vanes (VSV) at the
front of the compressor, in addition to the variable inlet guide vane (IGV) used on prior
GE gas turbines to modulate airflow. These are used in conjunction with the IGV, to
control compressor airflow during turndown, as well as optimize operation for variations
in ambient temperature.

The H System™ compressors also utilized improved 3-D computational fluid dynamic
(CFD) tools in the redesign of the flowpath and blade geometry. The 3-D design of the
rotor blade root contours improved the air flow, and consequently reduced losses. The
three compressor rig tests verified the use of the 3-D CFD tools, and these tools are now
part of GEPS design practice. The engineering work stations were linked into a “virtual
super computer” for these advanced designs.

The H System™ machine compressors have a bore cooling system for the rear stages that
utilizes cooled compressor discharge cooling air to regulate the temperature and
minimize thermal stress, and allows use of current disk materials (steel wheels instead of

Inconel for cost reduction).
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Combustion

The H System™ can-annular combustor system is a lean pre-mix Dry Low NOx (DLN)
system, similar to the GE DLN combustion systems currently used in FA-class service.
The H DLN 2.5 combustion system has demonstrated single digit NOx and CO levels at
full power conditions in the GEAE full scale test rig. This technology is being fed back
into the GE combustor design database. In addition, the uniform flow delivered by the
tri-passage diffuser was confirmed during the combustor test program.

The thermal barrier coating (TBC) coated liner and transition piece both required
advances in design and part fabrication. Due to the high temperatures encountered, the
material for both was changed to GTD-222 from Nimonic-263. TBC was added to both
parts to improve part life. The heat treatment process and TBC application methods
developed will be utilized in other high-temperature applications.

Rotor System

An analytical computer structural model (using ANSYS) was constructed to develop a
response surface for “backbone bending” due to bottom-to-top casing temperature
gradients. These gradients distort the case relative to the unit rotor, causing rubbing of
the compressor airfoil tips. Using the case distortion model, a refined understanding of
the casing behavior was obtained, leading to a redesign of the air ventilation system
around the exterior of the gas turbine. This analysis and design changes are being done
for the rest of the GE Power Systems gas turbine product line to allow blade clearance
reductions and corresponding increased performance.

Control Systems

The H System™ uses the Mark VI integrated control system, a full-authority digital
controller that manages the operation of the gas turbine, steam turbine, and generator
power train and the steam flows between the HRSG, steam turbine, and gas turbine. The
Mark VI also schedules distribution of cooling steam to the gas turbine. A diagnostic
capability is built into this control system, which also stores critical data in an electronic
historian for easy retrieval and troubleshooting. The Mark VI technology has been
incorporated into the GE Power Systems control design architecture, and is the baseline
control technology for new Power Systems products, and is being incorporated into
existing machines. '

The H System™ uses pyrometers to monitor the stage 1 and stage 2 bucket temperatures
in order to detect a sudden loss of steam-coolant. The pyrometers are used because: 1)
they respond quickly to the parameter of concemn (temperature), 2) all of the buckets
come into the field of view, and 3) the response time of the detection system is very fast.
The pyrometer system signal is sent to the Mark VI controller, and can shut the engine
down if a temperature problem is detected. The pyrometer technology is being
incorporated into other (non-steam-cooled) engines for temperature monitoring of turbine

10
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buckets, which allows for condition based maintenance programs for life extension, and
consequent lower overall cost of electricity.

Turbine

The H System™ uses single crystal steam-cooled nozzles and buckets in the turbine first
stage. The closed-loop internal steam-cooling eliminates the film cooling on the gas path
side of the airfoil, and consequently increases the temperature gradients through the
airfoil walls, resulting in higher thermal stresses on the airfoil materials. Keeping the
airfoil wall thickness within specified limits is essential for maintaining material
temperature gradients and consequent thermal stresses within allowable limits. Extensive
development effort was expended by the casting vendor and GE to develop a process to
maximize the stability of the cores at casting temperatures, in order to produce airfoil
wall thicknesses within the desired limits. This production procedure is now available for
other large single crystal GE gas turbine components.

Thermal barrier coating (TBC) is used on the flowpath surfaces of the steam-cooled
turbine airfoils to allow operation at increased turbine inlet temperatures while
maintaining airfoil substrate temperatures at levels that meet ATS life goals. Extensive
TBC development activities have been completed under the ATS program, including:
development of an air plasma spray deposition process developed and patented at GE-
CRD; an improved bond coat system and application process; robot motion control
software for TBC application; oxidation and mechanical property measurements in a
steam environment; and high temperature gradient testing in an e-beam test facility that
replicates the surface temperature and thermal gradient expected in the ATS machine.
Results of this extensive TBC development and testing are being utilized throughout the
GEPS product line, including new machines, and in upgrades to existing machines.

Improved methods for non-destructive evaluation (NDE) have been developed that
exceed the capability offered by currently available inspection technology for inspection
of the single crystal and directionally solidified ATS turbine airfoils. Results include
prototype ultrasonic and infrared systems for airfoil thickness measurements, both of
which have been used by the casting vendor for inspection castings of single crystal and
directionally solidified airfoils. In addition, digital radiography x-ray inspection
techniques were developed to detect internal casting defects. These NDE methods are
now available at the casting vendor, and will be used for inspection of GEPS production
airfoils.

The 3600 rpm of the 7H gas turbine, as compared with the 3000 rpm for the 9H, coupled
with the large diameter, necessitated a change in fourth stage bucket material, as tip creep
was projected to be a problem. By switching materials from the 9H GTD-111 to GTD-
444, a 300% improvement in creep life was achieved. This material is now available for
use on all GE gas turbines, resulting in lower cost of electricity.

The repair of single crystal (SX) and directionally solidified (DS) airfoils is of concern to

gas turbine users, as the replacement of these parts is very expensive. Repair techniques
have been developed as part of the ATS program to repair airfoil damage, which extends

11
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the useful component life. These techniques are now part of the GEPS materials
database, and have been leveraged to other GE programs.

A dedicated cooling air skid is used to heat and cool the inner turbine shell for both the
9H and 7H gas turbines in order to provide rotor tip clearance control for increased
efficiency. Clearance control information is now part of the GEPS turbine design
database, and is available for other GE programs.

ATS Program Summary
Rationale for the H System™

The use of gas turbines for power generation has been steadily increasing in popularity
for more than five decades. Gas turbine cycles are inherently capable of higher power
density, higher fuel efficiency, and lower emissions than the competing platforms. Gas
turbine performance is driven by the firing temperature, which is directly related to
specific output, and inversely related to fuel consumption per kW of output. This means
that increases in firing temperature provide higher fuel efficiency (lower fuel
consumption per KW of output) and, at the same time, higher specific output (more kW
per pound of air passing through the turbine).

The use of aircraft engine materials and cooling technology has allowed firing
temperature for GE’s industrial gas turbines to increase steadily. However, higher
temperatures in the combustor also increase NOx production. In the “Conceptual Design”
section of this paper, we describe how the GE H System™ solved the NOx problem, and
is able to raise firing temperature by 200°F / 110°C over the current “F” class turbines
and hold the NOx emission levels at the initial “F” class levels.

ATS Background

GEPS has completed design, assembly, and initial testing of the 7H 60 Hz ATS steam-
cooled gas turbine. This design evolved from early system studies performed over a
decade ago, in which a large number of variations in cycle configurations were evaluated
prior to settling on the current concept. As a result of having made a basic cycle
configuration selection in advance of the initiation of the DOE ATS program, GE did not
elect to participate in Phase 1 (Cycle Identification), Figure 3.
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Figure 3. Schedule for ATS Phases 1 through 3 R

A proposal was submitted in 1992 for ATS Phase 2 (Conceptual Design and Project
Development), and work began upon contract award in 1993. Through participation in
Phase 2, GE was able to analytically and experimentally examine many of the critical
technology issues associated with the use of closed circuit steam-cooling in a utility scale
gas turbine combined cycle system. These technology issues included materials/steam
compatibility, steam cleanliness requirements, heat transfer in steam-cooled rotating
components, combined cycle performance, and system startup requirements.

In November 1994, GE submitted a proposal for the Phase 3 (Technology Readiness
Testing), and Phase 4 (Pre-Commercial Demonstration) programs and a contract was
awarded, with work starting in mid-1995. The design of GE’s H technology machines
had already begun at that point. In March 1997, DOE issued a Request for Proposal for a
restructured program that would extend Phase 3 beyond the December 1997 conclusion
date. The restructured program (called Phase 3R) included the Full Speed, No Load
(FSNL) testing from Phase 4 of the 7H (60 Hz) ATS machine at the Greenville, SC
manufacturing facility. The original Phase 4 was eliminated from the program. Phase 3R
is scheduled to conclude in December 2000.
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Conceptual Design

The GE H System™ is a combined cycle plant. The hot gases from the gas turbine
exhaust proceed to a downstream boiler or heat recovery steam generator (HRSG). The
resulting steam is passed through a steam turbine, and the steam turbine output then
augments that from the gas turbine. The output and efficiency of the steam turbine’s
“bottoming cycle” is a function of the gas turbine exhaust temperature. For a given firing
temperature class, 2600°F / 1430°C for the H System™, the gas turbine exhaust
temperature is largely determined by the work required to drive the compressor, that is, in
turn, affected by the “compressor pressure ratio.” The H System’s™ pressure ratio of
23:1 was selected to optimize the combined cycle performance, while at the same time
allowing for an uncooled last stage gas turbine bucket, consistent with past GEPS
practice. The 23:1 compressor pressure ratio, in turn, determined that using four turbine
stages would provide the optimum performance and cost solution. This is a major change
from the earlier “F” class gas turbines, which used a 15:1 compressor pressure ratio and
three turbine stages. With the H System’s™ higher pressure ratio, the use of only three
turbine stages would have increased the loading on each stage to a point where an
unacceptable reduction in stage efficiencies would result. By using four stages, the H
System™ turbine is able to specify optimum work loading for each stage and achieve
high turbine efficiency.

The Case for Steam-cooling

The GE H System™ gas turbine uses closed-loop steam-cooling of the turbine. This
unique cooling system allows the turbine to fire at a higher temperature for increased
performance, yet without increased combustion temperatures or their resulting increased
emissions levels. It is this closed-loop steam-cooling that enabled the combined-cycle GE
H System™ to achieve 60% fuel efficiency while maintaining adherence to the strictest,
low NOx standards (Figure 4).
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Produces Work
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Figure 4. Combustion and Firing Temperatures
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Combustion temperature must be as low as possible to establish low NOx emissions,
while the firing temperature must be as high as possible for optimum cycle efficiency.
The goal is to adequately cool the stage 1 nozzle, while minimizing the decrease in
combustion product temperature as it passes through the stage 1 nozzle. This is achieved
with closed-loop steam-cooling.

Agvanced Open Loop H System™
Air-Cooled Nozzle Closed Loop Cooled Nozzle
P L | S —_
ae R iints TR
RN )
! o M L

Steam In Out Iln  Steam Out
A = Nozzie AT =80 F/44 €

Figure 5. Impact of Stage 1 Nozzle Cooling Method

In conventional gas turbines, with designs predating the H System™, the stage 1 nozzle is
cooled with compressor discharge air. This cooling process causes a temperature drop
across the stage 1 nozzle of up to 280° F/155° C. In H System™ gas turbines, cooling the
stage 1 nozzle with a closed-loop steam-coolant reduces the temperature drop across that
nozzle to less than 80° F/44° C (Figure 5). This results in a firing temperature class of
2600° F/1430° C, or 200° F/110° C higher than in preceding systems, yet with no increase
in combustion temperature. An additional benefit of the H System™ is that while the
steam-cools the nozzle, it picks up heat for use in the steam turbine, transferring what
was traditionally waste heat into useable output. The third advantage of closed-loop
cooling is that extraction of compressor discharge air is reduced, thereby allowing more
to flow to the head-end of the combustor for fuel premixing. In conventional gas turbines,
compressor air is also used to cool rotational and stationary components downstream of
the stage 1 nozzle in the turbine section. This air is traditionally labeled as “chargeable
air,” because it reduces cycle performance. In H System™ gas turbines, this “chargeable
air” is replaced with steam, which enhances cycle performance by up to 2 points in
efficiency, and significantly increases the gas turbine output, since more of the
compressor air can be channeled through the turbine flowpath to do useful work. A
second advantage of replacing “chargeable air” with steam accrues to the H System’s™
cycle through recovery of the heat removed from the gas turbine in the bottoming cycle.
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H System™ Combined-Cycle System

The H System™ combined-cycle system consists of a gas turbine, a three-pressure-level
HRSG and a reheat steam turbine. The features of the combined-cycle system, which
include the coolant steam flow from the steam cycle to the gas turbine, are shown in
Figure 6. The high-pressure steam from the HRSG is expanded through the steam
turbine’s high-pressure section. The exhaust steam from this turbine section is then split.
One part is returned to the HRSG for reheating; the other is combined with intermediate-
pressure (IP) steam and used for cooling in the gas turbine. Steam is used to cool the
stationary and rotational parts of the gas turbine. The cooling system operates in series
with the reheater, with gas turbine cooling steam returned to the steam cycle cold reheat
line.

Exhaust
to Stack
HP System |, Reheat
- v | | System LP Steam
Comb
= T = C Generator
Gas Turbine Steam Turbine
Air

Figure 6. H Combined Cycle and System Description
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Specific Output

One extremely attractive feature of the H System™, combined-cycle power plants is the
high specific output. This permits compact plant design with a reduced “footprint” when
compared with conventional designs, and consequently, the potential for reduced plant
capital costs (Figure 7). In a 60 Hz configuration, the H technology’s compact design
results in a 54% increase in output over the FA plants with an increase of just 10% in
plant size. The power density or installed capacity per unit of plot space is increased by
40%, thereby conserving land resources.

System Strategy and Integration

While component and subsystem validation is necessary and is the focus of most NPI
programs, other factors must also be considered in creating a successful product. The gas
turbine must operate as a system, combining the compressor, combustor and turbine at
design point (base load), at part load turndown conditions, and at no load. The power
plant and all power island components must also operate at steady state and under
transient conditions, from startup, to purge, to full speed. Unlike traditional combined-
cycle units, the H System™ gas turbine, steam turbine and HRSG are linked into- one,
interdependent system. Clearly, the reasoning behind these GE H System™ components
runs contrary to the traditional approach, which designs and specifies each component as
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a stand-alone entity. In the H System™ the performance of the gas turbine, combined-
cycle and balance of plant has been modeled, both steady state and transient; and
analyzed in detail, as one large, integrated system, from its inception.

The GE H System™ concept incorporates an integrated control system (ICS) to act as the
glue, which ties all the subsystems together (Figure 8).
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Figure 8. Mark VI - ICS Design Integrated with H System™ Design

Systems and Controls teams, working closely with one another as well as with customers,
have formulated improved hardware, software, and control concepts. This integration was
facilitated by a new, third-generation, full-authority digital system, the Mark VI
controller. This control system was designed with and is supplied by GE Industrial
Systems (GEIS), which is yet another GE business working closely with GEPS.

The control system for the H System™ not only controls operation of the gas turbine,
steam turbine and generator power train but also manages steam flows between the
HRSG, steam turbine and gas turbine. It also schedules distribution of cooling steam to
the gas turbine. A diagnostic capability is built into the control system, which also stores
critical data in an electronic historian for easy retrieval and troubleshooting.

The development of the Mark VI and integrated control system has been deliberately
scheduled ahead of the H gas turbine to reduce the gas turbine risk. With the help of GE
Corporate Research and Development, the Mark VI followed a separate and rigorous NPI
risk abatement procedure, which included proof of concept tests and shake down tests of
a full combined-cycle plant at GE Aircraft Engines Lynn, Massachusetts factory.

The Systems and Controls teams have state-of-the-art computer simulations at their

disposal to facilitate full engineering of control and fallback strategies. Digital
simulations also serve as a training tool for new operators.
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Simulation capability was used in real time during the 9H Full Speed No Load (FSNL)
test in May 1998. This facilitated revision of the accelerating torque demand curves for
the gas turbine and re-setting of the starter motor current and gas turbine combustor fuel
schedule. The end result was an automated, one button, soft start for the gas turbine,
which was used by the TEPCO team to initiate the May 30, 1998 customer witness test.

Reliability, Availability, Maintainability (RAM)

GE’s new H System™ design is the latest development in the evolution toward more
efficient, more reliable, (and therefore more productive), electric power generation
equipment offerings. This design is currently in its initial offering stage and no full plant
operating data are yet available to bear out the engineering predictions for specific power
output capability, net plant heat rate, emissions performance, reliability, and availability,
which are the principal measures of the long-term “value” of a power plant. GE’s target
levels of reliability and availability are consistent with the current industry expectations
for large combined cycle plants.

The first phase in the H System™ development process was a thorough assessment of
product options, corresponding design concepts, and system requirements. Also crucial
in the first phase was careful selection of materials, components and subsystems. These
were sorted into categories of existing capabilities or of required technology
advancements. The technical risk for each component and subsystem was assessed and
abatement analyses, testing, and data requirements were specified. The plans to abate
risk and facilitate design were arranged, funded and executed. The second development
phase covered product conceptual and preliminary designs. This phase included the
introduction of knowledge gained through experience, materials data, and analytical
codes from GEPS and GEAE. The H System ™ development program is currently in its
third and final phase, Technology Readiness Testing. This phase includes execution of
detailed design and product validation through technology rig and full scale component
testing. A high degree of confidence has been gained during this third phase through
component and subsystem testing, and subsequent validation of analysis codes. The
development program will conclude with full-scale gas turbine testing at GE’s factory
test stand in Greenville, SC, followed by combined cycle power plant testing at the
Baglan Energy Park launch site in the United Kingdom for the 9H (50 Hz) machine, and
later at Sithe Energies Heritage Station site in upstate New York for the 7H (60 Hz)
machine. '

It should first be recognized that the controls and accessories support systems typically
account for 60% to 80% of a plant’s unplanned outage events, and for 50% to 60% of the
unplanned outage time. As the new H System machines go into production, the
supporting controls and accessories systems are being assembled from the same class of
components in the same proven system structures that currently serve the “E” Class and
“F” Class product offerings. Much of the H System™ design is based on proven,
established technologies. Designs for the major components of the combined cycle
powertrain, including the bearing designs, the evaluation methods for rotor dynamics, the
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compressor and turbine blading designs, and the generator field construction methods are
all either direct applications of proven design technology or evolutionary refinement of
existing designs. It is for these reasons that GE expects that the reliability of the new H
System ™ will be fully commensurate with the levels associated with today’s “F” Class
combined cycle power plants. With maintenance and operations performed at “best
practice” levels, the new H System™ plant should reach its full reliability potential of
97.0% or better.

Integrated Gasification Combined Cycle (IGCC)

One of the ATS program goals is to be a fuel-flexible design, operating on natural gas,
but also being capable of operating on coal (syngas), or biomass (syngas). An assessment
of the 9H ATS design was performed to determine its ability to accommodate low
heating value fuel gas and nitrogen injection for NOx supression, and to determine what
IGCC system modifications would be required to utilize this fuel. This approach is also
directly applicable to the 7TH ATS configuration.

A configuration optimization study of an IGCC power plant design, integrating General
Electric’s (GE) single shaft combined steam and gas (STAG) 109H combined cycle unit
with Texaco’s heat recovery coal gasification unit, and Praxair’s elevated pressure air
separation unit. The full heat recovery IGCC design is preferred for high cost fuels,
where high efficiency is important. The cycle analysis and system optimization were
performed jointly by GE, Texaco, and Praxair as part of a larger study, the results of
which were presented at the October 1999 Pittsburgh Coal Conference. The approach of
this study is directly applicable to the 7TH ATS 60 Hz configuration.

The oxygen blown type gasification process with conventional low temperature gas
cleaning was selected for H System ™ IGCC over the optional air blown type gasification
process with hot gas clean-up, since the air blown systems at present are impractical for
this size machine. The study was conducted at ISO ambient conditions using a typical
sub-bituminous coal. Figure 9 shows the H System ™ IGCC block flow diagram.

Gas Turbine Validation Testing for Low Risk

Although GEPS officially introduced the H System™ concept and two product lines, the
9H and 7H gas turbines, to the industry in 1995, H System™ technology has been under
development since 1992, making extensive use of proven materials, proven design
features, and proven heat transfer principles — either from existing GE Power Systems
designs, from GE Aircraft Engine designs, or from GE Corporate Research and
Development design experience. This extensive experience base was enhanced with a
comprehensive technology development and component testing program to validate the H
System™ design, with encouragement and support of the U.S. Department of Energy.
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Figure 9. Heat Recovery (HR) IGCC Design Block Flow Diagram

The first phase in the H System™ development process was a thorough assessment of
product options, corresponding design concepts, and system requirements. Also crucial
in the first phase was careful selection of materials, components and subsystems. These
were sorted into categories of existing capabilities or required technology advancements.
All resources and technological capabilities of GEAE and CRD were made available to
the Power Systems’ H System™ team.

For each component and subsystem, risk was assessed and abatement analyses, testing,
and data were specified. Plans to abate risk and facilitate design were arranged, funded
and executed.

The second development phase covered product conceptual and preliminary designs, and

included the introduction of knowledge gained through experience, materials, data, and
analytical codes from GEPS and GEAE.
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The H System™ development program is currently in its third and final phase,
Technology Readiness Testing. This phase includes execution of detailed design and
product validation through component and gas turbine testing. Figure 10 shows the ATS
machine cross-section with the major subsystem components identified, and Table 1 lists
the specific component tests and facility locations.

Stage 1 Nozzle
- LCF “Small Sample” Tests

Combustor Tests - Heat Transfer Aero
- Reduced Pressure - Casting Trials
- Full Pressure - Cascade LCF Test
Compressor Rig Tests Nozzle Cascade Test
- AMC, 9H, 7H
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Figure 10. Components Tested during ATS Program
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Table 1: GE ATS Component Testing during Phase 3R

Inlet Aero Test GE Nuovo Pignone, Italy -
Compressor Rig Tests Advanced Machine Compressor (AMC) GEAE, Lynn, MA

e 9H

e 7H
Compressor Rotor Cooling Tests 9H Rig Compressor Test GEAE-Lynn, MA

Combustor Tests Reduced Pressure GEPG Lab, CRD, Schenectady, NY
. GEAE Lab, Evendale, OH
Full Pressure GEAE Lab, Evendale, OH
Diffuser Aero Tests GE-CRD, Schenectady, NY

Nozzle Cascade Test

Nozzle Aerodynamics
Nozzle Heat Transfer

GEAE, Evendale, OH

Stage 1 Nozzle Tests

LCF “Small Sample” Tests

Heat Transfer Aero Tests

Casting Trials

Cascade LCF Test-Prototype

Cascade LCF Test-Production

GE-CRD, Schenectady, NY

GE-CRD, Schenectady, NY
Texas A&M

GE-CRD, Schenectady, NY
Howmet, Hampton, VA

GEAE, Evendale, OH

GEAE, Evendale, OH

Stage 1 Bucket Tests

Rotational Heat Transfer

Casting Trials

GE-CRD, Schenectady, NY

GE-CRD, Schenectady, NY
Howmet, Hampton, VA

Turbine Rotor Tests

Steam Delivery Component Testing

GEPG Lab, CRD, Schenectady, NY

Exhaust Aero Tests

GE-CRD, Schenectady, NY

Material Design Data

GE-CRD, Schenectady, NY

TBC Tests

High Gradient Tests

Field Trials

GE-CRD, Schenectady, NY

Virginia Power, VA

Steam Purity Tests .

Ocean State Power, Burrillville, RI

Material Steam Compatibility Tests

GE-CRD, Schenectady, NY
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A high degree of confidence has been gained through this component and subsystem
testing and has provided validation of analysis codes. Completion of the development
test program resulted in full-scale gas turbine testing at the GEPS factory test stand in
Greenville, SC, to be followed by combined cycle power plant development testing at the
Baglan Energy Park launch site, in the United Kingdom.

Compressor

The H System™ compressors provide a 23:1 pressure ratio with 1510 1b/s (685 kg/s) and
1230 1b/s (558 kg/s) airflow for the 9H and 7H gas turbines, respectively. They are
derived from the high-pressure compressor used in GE CF6-80C2 aircraft engine and the
LM6000 aeroderivative gas turbine. This compressor design has more than 20 million
hours of experience providing reliable operation.

For use in the H System™ gas turbine, the 14 stage CF6-80C2 compressor is scaled up
(2.6:1 for the 7H, and 3.1:1 for the 9H), with four stages added to achieve the desired
combination of airflow and pressure ratio.

In addition to the variable inlet guide vane (IGV) used on prior GE gas turbines to
modulate airflow, the H System™ compressors have variable stators (V. SV) in the front
stage of the compressor (9H - 4 VSV, 7H - 5 VSV). They are used in conjunction with
the IGV to control compressor airflow during turndown (rpm stays the same, airflow
decreases), as well as to optimize engine operation for variations in ambient temperature.
A single actuation system, driven by two hydraulic actuators, is used to control both the
IGV’s and VSV’s as a single system. '

Compressor Rig Test Program

Although the compressor design was derived from a proven GE aircraft design, a
multiphase compressor rig test program was performed at the GE Aircraft Engines
(GEAE), Lynn, MA compressor test facility. This facility houses the CF6-size test stand
powered by a 33,000 hp steam turbine. Extensive instrumentation and data
acquisition/reduction capabilities allowed for monitoring a full range of performance
parameters. Test results obtained in the sub-scale (CF6 vs H System™) rig are directly
applicable to the full-scale design. GE has significant experience in scaling compressors
up and down in size.

Baseline Compressor

Three test rigs were used in the H System™ compressor validation program. A
“baseline” compressor was successfully tested in 1995, validating the use of the 18 stage
CF6-based compressor (14 stage CF6 with 4 stages added). Stage 1 and 2 were
redesigned from the aircraft configuration, stages 3-12 remained the same, and stages 13
and 14 were redesigned. Stages 15-18 were added. Valuable experience was obtained in
running the higher-pressure ratio (20.4:1) machine, with flow, pressure ratio, efficiency,
aeromechanics, operability, and turndown all being measured.
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9H Compressor

The 9H compressor rig (Figure 11) was run in the GEAE Lynn test facility in 2Q97-
3Q97. This compressor was similar to the 1995 design with redesigned stages 1-3, and
redesigned stages 15-18. As a result of the redesigned stages, the pressure ratio increased
to 23.2:1 (H machine design). The compressor operating parameters were completely
mapped, with stall margin meeting or exceeding the 10% requirement throughout the
operating range. Power turndown was demonstrated to 3% of design flow, at 100%
speed, which more than met design requirements. The VSV settings optimized
performance and efficiency. These setting were then used on the full scale 9H during its
full speed, no load test in the GE Power Systems test stand in Greenville, SC.
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Figure 11. 9H Subscale Test Rig Cross-Section

The aft rotor purge air cooling system operated as predicted. A small amount of
compressor discharge air is routed into the compressor bore cavity, and fed between the
disks for rear stage cooling, thus providing enhanced design life and improved
performance. The rotor purge system controls the environment in the aft rotor to be
similar to the FA rotor, as the materials in the H System™ compressor wheels are the
same as in the FA. The purge system controls thermal gradients in the individual
compressor wheels, thus enhancing life and increasing the durability of the rotor. The
purge system also leads to improved control of compressor clearance, and thus better

efficiency.
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All of the compressor airfoils (blade and vanes) achieved all of the design objectives with
regard to aeromechanics (vibratory responses). A total of 115 thin film strain gauges
were applied to stage 1 through 18, and verified that the 9H compressor had no high
vibratory stress modes.

7H Compressor

A comparison of the 7H and 9H flowpaths is shown in Figure 12. The 7H compressor
has 18 stages, but is not a pure scale of the 9H (solely based on rpm differences). The 7TH
has an “zero” stage ahead of the scaled first stage, in order to increase airflow, and the
last stage (#18) is omitted. The addition of a larger inlet stage was made to provide more
airflow to better position the 7H machine in the marketplace.

Comparison of 7H and 9H rig flowpaths

[§ TSNP — Q ....... - ._ ..... ke«

Figure 12. Comparison of 7H and 9H Rig Flowpaths

The 7H compressor rig test was performed at the GEAE, Lynn, MA test facility in 3Q99.
The compressor had instrumentation similar to the 9H compressor rig, but did not have
the purge air configuration in the rear stages, as that design aspect has already been
verified. The 7H rig test had over 800 sensors and accumulated over 150 hours to
characterize the compressor’s aerodynamic and aeromechanical operations. Key test
elements include optimum ganging of the variable guide vanes and stators; performance
mapping to quantify airflow, efficiency, and stall margins; stage pressure and temperature
splits; start-up, acceleration, and turndown characteristics; and identification of flutter
and vibratory characteristics of the airfoils (aeromechanics).

As with the 9H compressor rig, the 7H compressor rig was used to fully map the 7H
compressor for Standard, Hot Day and Cold Day performance, start-up bleed conditions,
part-speed operability, and power turndown. 'The VSV scheduling and performance
optimization derivatives were determined for use on the 7H FSNL test. Data analysis
showed that the 7H compressor rig met all design performance, operability, and
aeromechanical goals.
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Figure 13 shows the 7H compressor map, with lines of predicted performance and test
data plotted on a pressure ratio vs. inlet corrected flow background. The 7H compressor
had 1.5% higher flow than predicted, showing growth potential for the 7H.

1
FSFL
Prediction I
FSFL Spec
_..#"‘
: T
r
: -<' . &
L £3h.
o I 1T Pl
u . - FSNL-1
r _—— Run 03
ST
a J Wd E[o Line ﬂ;‘,—"
t
i . 10%
) ;%’ el 105%
L 100% 1&:
, Measured Flow Excoads Spoc by 1.5% -
l . 915% Margin for Growth ||
I P
1060 1100 1160 1200 1260 1300 1350 1400 1460
inlet Corrected Fiow, We ~ (pps)
Figure 13. 7H Compressor Map
Combustor Testing

The H System™ combustor design is based on the current GE commercial Dry Low NOx
(DLN) combustion system, with modifications being made for improved use of air,
reduced cooling, and greater load turndown capability. The combustor designs are
similar for the 9H and 7H machines, with differences being due to different airflow
requirements. (There are 14 combustion cans on the 9H, and 12 on the 7H, which keep
airflow requirements roughly equal). ’

A full-scale combustion test rig was constructed at the GE Aircraft Engine facility in
Evendale, OH. This rig allowed testing at full pressure, temperature, and flow conditions
for both the 9H and 7H engine combustor systems, and provided excess capacity to test
for hot day and over-speed conditions. The combustor test stand is shown in Figure 14,
and shows the arrangement of a single combustor can, transition piece, and downstream
cooled nozzle bar system (to simulate turbine nozzle blockage). Instrumentation, plenum
inlet, and exhaust ports are also shown. The rig also has the capability to use heated fuel.
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Figure 14. H Combustion Test Stand — Side View

Combustor Design Status

Figure 15 shows a cross-section of the combustion system. The technical approach
features a tri-passage radial prediffuser which optimizes the airflow pressure distribution
around the combustion chambers, a GTD222 transition piece with an advanced integral
aft frame mounting arrangement, and impingement sleeve cooling of the transition piece.
The transition piece seals are the advanced cloth variety for minimum leakage and
maximum wear resistance. The flowsleeve incorporates impingement holes for liner aft
cooling. The liner cooling is of the turbolator type so that all available air can be
allocated to the reaction zone to reduce NOx. Advanced 2-Cool™ composite wall
convective cooling is utilized at the aft end of the liner. An effusion-cooled cap is utilized
at the forward end of the combustion chamber.

Figure 15. Combustion System Cross-Section
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Figure 16. Fuel Injection System Cross-Section

The H System™ fuel injector is shown in Figure 16, and is based on the swozzle concept.
The term swozzle is derived by joining the words “swirler” and “nozzle.” The premixing
passage of the swozzle utilizes swirl vanes to impart rotation to the admitted airflow, and
each of these swirl vanes also contains passages for injecting fuel into the premixer
airflow. Thus, the premixer is very aerodynamic and highly resistant to flashback and
flameholding. Downstream of the swozzle vanes, the outer wall of the premixer is
integral to the fuel injector to provide added flameholding resistance. Finally, for
diffusion flame starting and low load operation, a switl cup is provided in the center of
each fuel injector.

The H System™ combustor uses a simplified combustion mode staging scheme to
achieve low emissions over the premixed load range while providing flexible and robust
operation at other gas turbine loads. Figure 17 shows a schematic diagram of the staging
scheme. The most significant attribute is that there are only three combustion modes:
diffusion, piloted premix, and full premix mode. These modes are supported by the
presence of four fuel circuits: outer nozzle premixed fuel (P4), center nozzle premixed
fuel (P1), burner quaternary premixed fuel (BQ), and diffusion fuel (D4). The gas turbine
is started on D4, accelerated to Full Speed No Load (FSNL), and loaded further. At
approximately 20-35% gas turbine load, two premixed fuel streams P1, and P4, are
activated in the transfer into Piloted Premix. After loading the gas turbine to
approximately 40-50% load, transfer to full premix mode is made and all D4 fuel flow is
terminated while BQ fuel flow is activated. This very simplified staging strategy has
major advantages for smooth unit operability and robustness.
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Figure 17. Combustion Mode Staging Scheme

The H System™ combustor was developed in an extensive test series to ensure low
emissions, quiet combustion dynamics, ample flashback/flameholding resistance, and
rigorously assessed component lifing supported by a complete set of thermal data. In
excess of thirty tests were run at the GEAE combustion test facility, in Evendale, Ohio,
with full pressure, temperature, and airflow. Figure 18 shows typical NOx base load
emissions as a function of combustor exit temperature. The H System™ components have
significant margin in each case. In addition, hydrogen torch ignition testing was
performed on the fuel injector premixing passages. In all cases the fuel injectors exhibited
well in excess of 30 ft/s flameholding margin after the hydrogen torch was de-activated.
In addition, lifing studies have shown expected combustion system component lives with
short term Z-scores between 5.5 and 7.5 relative to the combustion inspection intervals
on a thermal cycles-to-crack initiation basis. Thus, there is a 99.9% certainty that
component lifing goals will be met.

Turbine Design

The H System™ turbine design employs optimized 3D geometry with closed-loop steam-
cooling in the first- and second-stage rotational and stationary airfoils. As mentioned
previously, steam-cooling will allow the firing temperature of the H System™ gas turbine
to increase to 2600F/1430C, while retaining the same part life specifications as the
current GE gas turbine products.
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Figure 18. NOx Baseload Emissions as a Function of Combustor Exit Temperature

The lack of airfoil film cooling dilution flow in the turbine results in a higher exhaust
temperature for a given firing temperature. However, the maximum exhaust temperature
is fixed due to material limits (to proven F-Class materials). In order to maintain a
prescribed turbine exhaust gas temperature, the compressor pressure ratio needs to be
increased relative to a conventional air-cooled machine. The cycle pressure ratio for the
H System™ machines was selected to be 23:1, which is significantly higher than previous
GE single shaft machine designs. The 23:1 ratio also complements the higher firing
temperature, as there is an optimum pressure ratio for a given firing temperature.

In early conceptual design studies, the benefits/drawbacks of a three-stage versus four-
stage turbine were compared. However, detailed cycle analysis showed that the high
stage loading requirements needed to drive a 23:1 compressor resulted in lower turbine
efficiency, and the 60% combined cycle efficiency goal would not be met. The turbine
efficiency penalty due to high stage loading outweighed the benefit of reduced cooling
flow requirements of the three-stage design. Therefore, the four-stage design was
selected.

The remainder of the conceptual design phase focused on defining the flow path and
airfoil counts that would yield maximum performance, while aiming for maximum
commonality between the 50 Hz (9H) and the 60 Hz (7H) machines. Historically, GE’s
50 Hz machines are 1.2 geometric scales of the 60 Hz machines. As most, but not all,
key aerodynamic and mechanical characteristics will scale, the additional development
work needed to execute a scaled design is relatively small compared to the design effort
need for two independent designs. '

The approach taken on the H System™ machines differs from the traditional GE
approach. In order to minimize manufacturing and assembly complexity on the rotor and
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steam supply system, the maximum level of geometric commonality between the 7H and
9H was sought. The 20% speed difference between the two machines implies a 40%
difference in aerodynamic loading, and in mechanical loading (speed-squared
relationships) for a common flow path design. In practice, it was not possible ta meet
aerodynamic and mechanical requirements by using common flow paths for both
applications. The final flow path selection maintains commonality between the key rotor
and steam delivery features, even though the flowpaths deviate somewhat (see Figure
19). The 7H, due to its higher speed, has lower aerodynamic loading, but higher
mechanical stresses.

9H

e
mé/ 7H

Figure 19. Comparison of 7H and 9H Flowpaths

Turbine component testing consisted of: extensive materials testing, heat transfer tests, a
nozzle cascade test rig, and a turbine rotor steam delivery test rig. The buckets were
vibration tested at GEAE, and run in the full speed, no load tests at Greenville, SC.
These tests are described below.

Materials

Turbine Design Status

The turbine operates with high gas path temperatures, providing the work extraction to
drive the compressor and generator. Two of the factors critical to reliable, long life are

the turbine airfoil’s heat transfer and material capabilities. When closed circuit steam-
cooling is used, as on the H turbine, the key factors do not change. However, the impact
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of steam on the airfoil’s heat transfer and material capabilities must also be considered.
For many years, the U.S. Department of Energy (DOE) Advanced Turbine System has
provided cooperative support for GE’s development of the H System™ turbine heat
transfer materials capability and steam effects. Results have fully defined and validated
the factors vital to successful turbine operation. A number of different heat transfer tests
were performed to fully characterize the heat transfer characteristics of the steam-cooled
components culminating with the full-scale nozzle cascade testing at the GE Aircraft
Engines test facility. Figure 20 shows the stage 1 nozzle cascade test rig used for internal
cooling heat transfer validation.
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Figure 20. Full Scale Stage 1 Nozzle Heat Transfer Test Validates Design and Analysis
Predictions

An extensive array of material tests has been performed to validate the material
characteristics in a steam environment. Testing has included samples of base material and
joints and the testing has addressed the following mechanisms: cyclic oxidation, fatigue
crack propagation, creep, notch low-cycle fatigue and low-cycle fatigue (Figure 21).
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Figure 21. Materials Validation Testing in Steam

Thermal barrier coating (TBC) is used on the flowpath surfaces of the steam-cooled
turbine airfoils. Life validation has been performed using both field trials (Figure 22)
and laboratory analysis. The latter involved a test that duplicates thermal-mechanical
conditions, which the TBC will experience on the H System™ airfoils.

Figure 22. Thermal Barrier Coating Durability
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Long-term durability of the steam-cooled components is dependent on avoidance of
internal deposit buildup, which is, in turn, dependent on steam purity. This is
accomplished through system design and filtration of the gas turbine cooling steam.
Long-term validation testing, completed at an existing power plant, has defined particle
size distribution and validated long-term steam filtration. As further validation,
specimens duplicating nozzle cooling passages have initiated long-term exposure tests. A
separate rotational rig is being used for bucket validation. The H System™ turbine
airfoils have been designed using design data and validation test results for heat transfer,
material capability and steam-cooling effects. The durability of ceramic thermal barrier
coatings has been demonstrated by three different component tests performed by CRD:
"Furnace cycle”, “Jet engine thermal shock “ and electron beam thermal gradient.

The electron beam thermal gradient test was developed specifically for GEPS to
accurately simulate the very high heat transfers and gradients representative of the H
System™ gas turbine. Heat transfers and gradients representative of the H System™ gas
turbine have also been proven by field testing of the enhanced coatings in E- and F-class
gas turbines.

Nozzle Cascade Testing

The H System™ stage one nozzle was designed using GE’s design practice database, with
validation tests for heat transfer, material properties, and steam-cooling effects. These
test results were incorporated into detailed 3-dimensional aerodynamic, thermal, and
stress models as part of the design process. As further validation, full-size, steam-cooled
stage 1 nozzle segments were tested at full H System™ operating conditions in a nozzle
cascade test rig.

The test rig is located at GEAE’s Evendale, OH facility, and shares the control room and
airflow facilities with the combustor test rig. Details of the rig are show in Figure 23.
The nozzle cascade test rig consists of two stage 1 airfoils downstream of an H System™
combustor and transition piece. The flowpath to contours on either side of the two nozzle
segments are formed by two water-cooled copper endwalls. A four-phase test program
was designed to characterize combustor behavior, verify aerodynamic performance,
measure heat transfer characteristics, and accumulate low-cycle fatigue (LCF) cycles.
Correlation of the nozzle cascade test data with design predictions validated the 9H and
7H steam-cooled hardware.
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Figure 23. 9H Cascade Vane Orientation

Phase 1 involved combustor mapping and characterization of the combustion system, and
an overall facility shakedown. The initial testing was completed in 1995 to map the
temperature profile at the exit of the transition piece (entrance to the nozzle cascade).
Additional combustor testing was performed in 1Q97 to confirm temperature profiles at
the high and low end points of the LCF cycle to be used in phase 4.

Phase 2 consisted of a cascade aerodynamic test, in which the rig was run at full air flow
conditions to determine the external Mach member distribution on the airfoil surfaces.
This parameter is important in establishing nozzle external heat transfer coefficients as
well as verifying the aerodynamic quality of the test configuration. This phase was
successfully completed in 3Q95.

In Phase 3, the heat transfer test, several hundred internal cavity metal temperature, and
steam temperature and steam pressure sensors, and external temperature and pressure
sensors were used to validate the stage one nozzle internal heat transfer and flow circuit
predictions. The testing was conducted under-steady state and transient operating
conditions that closely match the operation of the production engine. Testing ran for over
100 hours, and over 30 data points were taken. Test data results were analyzed and
compared to a detailed flow and three-dimensional heat transfer analysis of the nozzle.
Phase 3 testing was completed in 1Q97.

Phase 4, the low cycle fatigue (LCF) test, involved cyclic operation of the test rig to
simulate periodic start-up and shutdown of the engine during commercial operation. The
rig was operated between two steady state points: one at a low thermal stress state, and
the other at a high thermal stress state. Testing was performed to determine the durability
of the thermal barrier coating (TBC) on the nozzle and to test the nozzle durability in
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both fully coated and spalled conditions (hardware was pre-spalled to evaluate this effect)
to establish any crack propagation behavior. It was found that cracks occurred only in the
pre-spalled areas, and did not grow. Nozzle cascade hardware is shown in Figure 16 of
the Materials section.

The nozzle cascade test results were correlated with the analytical predictions used in the
nozzle design. It was found that there was very close agreement between the two, thus
validating the design methodology for all of the steam-cooled turbine hardware.

Turbine Rotor Rig Test

The H System™ machines are designed to have steam-cooled rotating hardware,
specifically the stage 1 and stage 2 turbine buckets, which are fed by a steam delivery
system through the rotor assembly via the aft shaft. This steam delivery system relies on
“spoolies”, tubular spool-shaped seals that connect the steam delivery system to the
flowpath airfoils, to deliver steam to the buckets without detrimental leakage, which
would lead to performance loss and adverse thermal gradients within the rotor structure.
The basic concept for power system steam sealing is derived from many years of
successful application of spoolies in the GE CF6 and CFM56 aircraft engine families.

In the conceptual design phase, material selection was made only after considering the
effects of steam present in this application. Coatings to improve durability of the spoolie
were also tested. These basic coupon tests and operational experience provided valuable
information to the designers.

In the preliminary design phase, parametric analysis was performed to optimize spoolie
configuration. Comp